Background: It has been suggested that a moving correlation index between mean arterial blood pressure and intracranial pressure, called PRx, can be used to monitor and quantify cerebral vasomotor reactivity in patients with head injury. Objectives: To validate this index and study its relation with cerebral blood flow velocity and cerebral autoregulation; and to identify variables associated with impairment or preservation of cerebral vasomotor reactivity. Methods: The PRx was validated in a prospective study of 40 head injured patients. A PRx value of less than 0.3 indicates intact cerebral vasomotor reactivity, and a value of more than 0.3, impaired reactivity. Arterial blood pressure, intracranial pressure, mean cerebral perfusion pressure, and cerebral blood flow velocity, measured bilaterally with transcranial Doppler ultrasound, were recorded. Dynamic cerebrovascular autoregulation was measured using a moving correlation coefficient between arterial blood pressure and cerebral blood flow velocity, the Mx, for each cerebral hemisphere. All variables were compared in patients with intact and impaired cerebral vasomotor reactivity. Results: No correlation between arterial blood pressure or cerebral perfusion pressure and cerebral blood flow velocity was seen in 19 patients with intact cerebral vasomotor reactivity. In contrast, the correlation between these variables was significant in 21 patients with impaired cerebral vasomotor reactivity, whose cerebral autoregulation was reduced. There was no correlation with intracranial pressure, arterial blood pressure, cerebral perfusion pressure, or interhemispheric cerebral autoregulation differences, but the values for these indices were largely within normal limits. Conclusions: The PRx is valid for monitoring and quantifying cerebral vasomotor reactivity in patients with head injury. This intracranial pressure based index reflects changes in cerebral blood flow and cerebral autoregulatory capacity, suggesting a close link between blood flow and intracranial pressure in head injured patients. This explains why increases in arterial blood pressure and cerebral perfusion pressure may be useful for reducing intracranial pressure in selected head injured patients (those with intact cerebral vasomotor reactivity).
S
pontaneous or pharmacologically induced variations in arterial blood pressure or cerebral perfusion pressure can have different effects on intracranial pressure depending on so called "cerebral vasomotor reactivity" or "cerebrovascular reactivity." We have anecdotally reported that increasing the cerebral perfusion pressure can lead to either an increase or a decrease in intracranial pressure, depending on the individual vascular regulatory capacity (cerebral pressure autoregulation). 1 2 Similar evidence was provided by Rosner, who described the linkage between cerebral perfusion pressure decreases and intracranial pressure increases as the "vasodilatory cascade." 3 In his model increases in cerebral perfusion pressure within the operative range of cerebral autoregulation cause compensatory active vasoconstriction to maintain a stable cerebral blood flow. This vasoconstriction leads to a decrease in cerebral blood volume and thereby to a decrease in intracranial pressure (fig 1) . Below the lower cerebral autoregulation limit or with autoregulatory failure, an increase in cerebral perfusion pressure will result in passive vasodilatation which will increase the cerebral blood volume and therefore the intracranial pressure. In this situation of cerebral autoregulatory failure, cerebral blood flow will vary with cerebral perfusion pressure, and a stable blood flow can no longer be maintained (fig 2) .
To quantify this variable relation between arterial blood pressure or cerebral perfusion pressure and intracranial pressure-cerebrovascular reactivity-the Cambridge group has defined an index comparing arterial blood pressure and intracranial pressure, the "Prx". 4 This index illustrates the correlation between arterial blood pressure and intracranial pressure. If intracranial pressure follows arterial blood pressure in a parallel fashion, there is a good correlation, and the PRx index is positive. On the other hand, if an arterial blood pressure increase causes vasoconstriction (that is, pressure autoregulation is preserved), a reduction in cerebral blood volume, and a decrease in intracranial pressure, the positive correlation will be lost; in this case the PRx will approach zero or even become negative, indicating well preserved cerebrovascular reactivity. Although this explanation appears quite plausible, based as it is on current physiological models and frequent clinical observations, the presumed vascular mechanism linking cerebral blood flow or cerebral blood volume with intracranial pressure has never been systematically validated in a prospective clinical study in head injured patients.
To validate the cerebrovascular reactivity index and to study its relation with cerebral blood flow velocity and cerebral autoregulation, we examined the relation between cerebrovascular reactivity and the cerebral blood flow velocity, assessed by transcranial Doppler ultrasound. Our hypothesis was that there would not be a correlation between arterial blood pressure/cerebral perfusion pressure and cerebral blood flow velocity in patients with intact cerebrovascular reactivity, whereas a linear correlation would be expected in those with defective cerebrovascular reactivity.
To examine the link between cerebrovascular reactivity and cerebral autoregulation we have used an index of cerebral autoregulation, the "Mx", which is a moving correlation coefficient between arterial blood pressure or cerebral perfusion pressure and cerebral blood flow velocity. 5 This index can be calculated for each cerebral hemisphere. According to our hypothesis, cerebral autoregulation should be less effective in patients with impaired cerebrovascular reactivity than in those with intact reactivity.
We were also interested to identify any variables-arterial blood pressure, cerebral perfusion pressure, intracranial pressure, or cerebral blood flow velocity-associated with impairment or preservation of the cerebrovascular reactivity.
METHODS

Patients
The PRx was validated in a prospective study in 40 severely head injured patients, defined as having a Glasgow coma scale (GCS) score of 8 or less after initial resuscitation, or a deterioration to this level during the first 12 hours of treatment. The mean admission GCS was 8, and the mean (SD) age was 40 (16) years. There were eight female and 32 male patients. More details are given in table 1.
Blood pressure recordings were obtained with a radial artery fluid coupled system (pvb, Kirchseeon, Germany). Intracranial pressure was measured with an intraparenchymal sensor (Camino V420®, San Diego, California, USA, or Spiegelberg BrainPressure Monitor®, Spiegelberg KG, Hamburg, Germany), or through an external ventricular drain. Intraparenchymal pressure sensors were placed intracranially on the side of injury or in the right frontal area if there was diffuse injury or multiple contusions, and external ventricular drains through a right frontal burr hole. Cerebral blood flow velocities were recorded bilaterally using transcranial Doppler ultrasound (Multi-Dop T® or Multi-Dop X2®, DWL, Sipplingen, Germany). All transcranial Doppler ultrasound studies were consistently performed by one of two examiners (EWL or JG). All analogue signals were recorded and stored digitally in the transcranial Doppler ultrasound unit.
Management of these patients consisted of aggressive surgical and medical treatment including immediate evacuation of intracranial mass lesions, mechanical ventilation, and control of intracranial pressure, using a protocol consistent with the Guidelines for the Management of Severe Head Injury. 6 The need for informed consent was waived because this was a non-invasive study, using routinely monitored variables and without any external stimulation. 
METHODS
Cerebrovascular reactivity was determined using the PRx, which was calculated as a moving correlation coefficient between arterial blood pressure and intracranial pressure. 4 Based upon this and other studies, a PRx value of more than 0.3 indicates impaired cerebrovascular reactivity and a value less than 0.3, intact reactivity. 4 7 Cerebral autoregulation was determined using the Mx for each cerebral hemisphere, comprising a moving correlation coefficient between arterial blood pressure and cerebral blood flow velocity. The Mx can be calculated from arterial blood pressure and cerebral perfusion pressure. In their original publication about the Mx, the Cambridge group used cerebral perfusion pressure. 5 In a more recent study they used arterial blood pressure for Mx calculations in healthy volunteers. 8 In the present study we used arterial blood pressure for Mx calculation because first, intracranial pressure was largely within normal limits, and second, there were no large intracranial pressure fluctuations during the time of recording. The mean of left and right Mx values was used for comparison of cerebrovascular reactivity and cerebral autoregulation. Both the PRx and the Mx were calculated from 10 000 simultaneously recorded data points, sampled at 57.4 Hz in each of the 40 patients on one occasion during the first five days of treatment, using spontaneous fluctuations in arterial blood pressure without the need for any induced change.
To examine whether cerebral autoregulation differs in patients with intact cerebrovascular reactivity compared with patients with impaired reactivity, we calculated the Mx for each group. To assess the overall relation between cerebrovascular reactivity and cerebral autoregulation we studied the correlation between the two indices. The absolute (numeric) left-right Mx difference (∆ l/r Mx) was used to examine whether there was any difference in hemispheric cerebral autoregulation asymmetry between the two groups.
To study whether any of the other monitored variablesarterial blood pressure, cerebral perfusion pressure, intracranial pressure, or cerebral blood flow velocity-was associated with impairment of cerebrovascular reactivity, we compared these variables between the two groups.
RESULTS
Cerebrovascular reactivity, as assessed by the PRx, was impaired in 21 patients and intact in 19. In the 21 patients with impaired cerebrovascular reactivity there was a significant correlation between arterial blood pressure and cerebral blood flow velocity (Pearson correlation, p < 0.01; Spearman fig 3) . Their cerebrovascular autoregulatory capacity (cerebral autoregulation) as expressed by the Mx was also significantly reduced (independent t test, t = 3.522; df = 38; p < 0.001; table 2). There was no correlation between arterial blood pressure and cerebral blood flow velocity, or between cerebral perfusion pressure and cerebral blood flow velocity (fig 4) , in patients with intact cerebrovascular reactivity (Pearson and Spearman correlation, NS). These results confirm our hypothesis. There was a significant overall correlation between PRx and Mx (Pearson correlation, p < 0.007, r = 0.42; Spearman correlation, p < 0.05; r = 0.43 ; fig 5) .
The intracranial pressure, arterial blood pressure, cerebral perfusion pressure, and hemispheric cerebral autoregulation asymmetry did not differ in either group (table 2) .
DISCUSSION
This study shows that the PRx is a valid index to monitor and quantify cerebrovascular reactivity in patients with head injuries. The positive correlation between pressure (arterial blood pressure and cerebral perfusion pressure) and flow (cerebral blood flow velocity) seen in patients with impaired or lost cerebrovascular reactivity shows that this intracranial pressure based index reflects changes in cerebral blood flow and cerebral autoregulatory capacity, which suggests a close link between intracranial flow and pressure in head injured patients. Although cerebral blood flow velocity measured with transcranial Doppler ultrasound in cm/s does not measure cerebral blood volume flow in absolute terms, it is the only non-invasive monitoring tool available for a continuous approximation of cerebral blood flow in the intensive care setting. Transcranial Doppler ultrasound has been validated for this purpose and has become a widely accepted technique, used in numerous studies on cerebral autoregulation and related issues. 
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Cerebrovascular reactivity and cerebral autoregulation
Activating intrinsic cerebral vasoconstrictor mechanisms by raising arterial blood pressure and hence the cerebral perfusion pressure in an attempt to reduce cerebral blood volume and thus intracranial pressure is appealing because it is apparently relatively easy to achieve in patients with intact cerebrovascular reactivity. The novelty of our study lies in its demonstration that cerebral blood flow velocity remains stable when arterial blood pressure/cerebral perfusion pressure varies in patients with preserved cerebrovascular reactivity, and that the blood flow velocity depends linearly on arterial blood pressure and cerebral perfusion pressure in those with impaired cerebrovascular reactivity. Our analysis confirms the previously reported correlation between PRx and Mx. 20 Our data for cerebrovascular reactivity and cerebral autoregulation, calculated from identical datasets, also show that cerebral autoregulation is less well preserved in patients with impaired cerebrovascular reactivity. These finding supports the concept that cerebral autoregulation and cerebrovascular reactivity are closely linked but not identical. Steiner et al have pointed out 7 that according to cerebral blood flow studies by MacKenzie 21 "...the two expressions should not be used synonymously as vasodilatation reaches its maximum at arterial pressures below the lower threshold for constant cerebral blood flow."
Value of measuring cerebrovascular reactivity Steiner et al have shown that monitoring of cerebrovascular reactivity could identify an optimal cerebral perfusion pressure (CPP-OPT) in 60% of a large series of patients with traumatic brain injury. 7 The use of cerebrovascular reactivitydirected rather than cerebral autoregulation-directed treatment in traumatic brain injury seems logical because cerebrovascular reactivity is derived from intracranial pressure, which is the main treatment target, rather than from cerebral blood flow velocity, which is used for cerebral autoregulation assessment. The authors stressed that at least 24 hours of continuous monitoring were required to determine CPP-OPT. 7 This period is needed for accurate assessment of cerebrovascular reactivity over a sufficiently wide range of spontaneous fluctuations of mean arterial pressure. Based on our own study we cannot comment on the "optimal cerebral perfusion pressure" issue, as our monitoring time was too short to acquire data over sufficiently large variations in arterial blood pressure or cerebral perfusion pressure.
Oertel et al have recently reported that 55 induced hypertension tests in 26 head injured patients led to a reduction in intracranial pressure of more than 20% in only 6% of tests, whereas in 64% the intracranial pressure changed by no more than 20% from its baseline value, and in 31% there was an increase of more than 20%. 22 They concluded that "...induced hypertension was consistently ineffective" for intracranial pressure control. We would suggest that continuous cerebrovascular reactivity monitoring in head injured patients such as the ones tested has great potential to identify the optimal cerebral perfusion pressure without additional hypertensive challenges. Also, their patients' mean (SD) arterial blood pressure before these tests was quite high at 104 (12) mm Hg, and the intracranial pressure was already well controlled and low at 16 (9) mm Hg. It is possible that the high cerebral perfusion pressure of 88 mmHg was already close to, or in some cases even above, the optimal cerebral perfusion pressure. These factors may have confounded their interpretation of the value of induced hypertension for intracranial pressure control.
Correlation with intracranial pressure, arterial blood pressure, cerebral perfusion pressure, and cerebral blood flow velocity In an earlier study, the Cambridge group reported that a positive PRx correlated with high intracranial pressure and episodes of arterial hypotension. 4 We could not confirm this observation, but our monitoring time was shorter and only represents a snapshot image of a patient's entire course. Also, the intracranial pressure in both our groups was well controlled at the time of study, being above 25 mm Hg in only two of the 40 patients. This further invalidates any formal comparison between their study and ours. The fact that intracranial pressure, arterial blood pressure, and cerebral perfusion pressure were all largely within the normal range probably did not allow us to establish a correlation between impaired cerebrovascular reactivity and arterial blood pressure or cerebral perfusion pressure, which are known to affect cerebrovascular reactivity and cerebral autoregulation. 23 24 Only three of 40 patients in our series had a mean cerebral blood flow velocity above 100 cm/s, a low threshold for cerebral vasospasm, and in only one was it over 120 cm/s. 25 26 It would have been interesting to assess whether cerebral blood flow velocity or vasospasm had an influence on cerebrovascular reactivity, which has not so far been reported. Yundt et al showed that parenchymal vessels distal to arteries with angiographic spasm after subarachnoid haemorrhage have abnormal static cerebral autoregulation. 27 This clinical finding is supported by a study of subarachnoid haemorrhage in primates in which impairment of static cerebral autoregulation was found in chronic cerebral vasospasm. 28 Cerebral vasospasm is not common after traumatic brain injury, at least in the early stages, and any significant influence on cerebrovascular reactivity is unlikely unless vasospasm is severe enough to lead to a cerebral blood flow velocity of over 120 cm/s.
Limitations and outlook
Three issues are relevant to our data and its interpretation. First, the data on cerebrovascular reactivity were recorded only during the first five days after injury. There is evidence that cerebral autoregulation changes after injury and it is likely that this is also the case with cerebrovascular reactivity. The results of studies dealing with temporal profiles of cerebral autoregulation differ. While we have found that cerebral autoregulation gradually improves after traumatic brain injury, 29 Czosnyka and coworkers showed significant improvement only during the first three days. 5 Second, the effects of age on cerebrovascular reactivity after traumatic brain injury are unknown, and so far we have only found two references to the effects of age on cerebral autoregulation in healthy subjects. Vavilala et al, using the leg cuff deflation test, reported that cerebral autoregulation is less effective in normal adolescents aged 12 to 17 years than in adults aged 25 to 45. 30 Using the same test, Carey et al reported that cerebral autoregulation was not influenced by age, comparing two groups aged 29 (5) and 68 (5) years. 31 Third, PRx is calculated using intracranial pressure which provides one dataset, whereas Mx is calculated using cerebral blood flow velocity recorded from both hemispheres which provides two datasets. While there was no formal right-left difference or asymmetry, our patients did not only have diffuse injuries; some had unilateral contusions and haematomas, where asymmetry has been shown to be significant. 32 It would be interesting to study cerebrovascular reactivity using bilateral intracranial pressure recordings although it would be difficult to justify placing a second intracranial pressure monitor solely for research purposes in humans.
Monitoring of cerebrovascular reactivity using intracranial pressure measurements is possible only for as long as an intracranial pressure monitor is in use, which limits its application largely to a patient's time in the intensive care unit, although it would be interesting also to study cerebrovascular reactivity during recovery and follow up. As long as continuous non-invasive intracranial pressure monitoring remains unavailable, only monitoring of cerebral autoregulation-with continuous non-invasive arterial blood pressure and cerebral blood flow velocity recording-allows graded bedside assessment of cerebrovascular physiology in the later stages after traumatic brain injury. Based on the results of this and other studies it appears that assessment of cerebrovascular reactivity may also be useful for studies on cerebrovascular physiology outside the intensive care unit, in other patients whose intracranial pressure is being measured. This is most likely to be in patients with spontaneous subarachnoid haemorrhage or hydrocephalus.
Conclusions
The PRx, an index which quantifies the relation between arterial blood pressure or cerebral perfusion pressure and intracranial pressure, is valid for monitoring and quantifying cerebrovascular reactivity in patients with head injury, and offers the opportunity to study cerebrovascular physiology at the bedside. This index reflects changes in cerebral blood flow and cerebral autoregulatory capacity, which suggests a close link between blood flow and intracranial pressure in head injured patients. Our findings explain why elevation of arterial blood pressure or cerebral perfusion pressure may be useful for reducing intracranial pressure in selected head injured patients with intact cerebrovascular reactivity. Further clinical studies are needed to assess its value in other conditions with possibly disturbed cerebrovascular reactivity such as subarachnoid haemorrhage and hydrocephalus.
